In this work, a novel approach is used to synthesize an iron oxide doped carbon nanotube (CNT) membrane, with the goal of fully utilizing the unique properties of CNTs. No binder is used for the synthesis of the membrane; instead, iron oxide particles serve as a binding agent for holding the CNTs together after sintering at high temperature. The produced membrane exhibited a high water flux and strong fouling resistance. In the first step, CNTs were impregnated with various loadings of iron oxide (1, 10, 20, 30 and 50%) via wet chemistry techniques. Impregnated CNTs were then compacted at 200 MPa and sintered at 1350 °C for 5 h to form a compact disk. The membranes were analysed by measuring their porosity, contact angle, diametrical compression test and water flux. The flux of pure water was observed to increase with an increase in iron oxide content. The permeate flux and rejection rate of sodium alginate (SA) were determined to predict the antifouling behavior of the membrane. A maximum removal of 90 and 88% of SA was achieved for membranes with a 10 and 1% iron oxide content, respectively, after 3 h. A minor decline in the permeate flux was observed for all membranes after 4 h of operation.
Introduction
Water is the lifeblood of the modern era as a result of the scarcity of resources, drought and expansion of deserts. Reliable access to safe and clean drinking water is considered to be one of the most basic humanitarian goals and remains a major challenge in the 21 st century. A report from the United Nations (UN) indicates that 1800 million people will face absolute water scarcity and two-thirds of the world population could be under stress conditions by 2025 [1, 2] .
The reuse, recycling and recovery of water has proven to be successful and effective in creating a new and reliable water supply while not compromising public health. Membrane filtration is considered among the most promising and widely used processes for water treatment and desalination [1, 2] .
Membranes are classified into different types based on their nominal size or molecular weight cut-off (MWCO), including microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Microfiltration is employed for suspended solids, protozoa, and bacteria removal; ultrafiltration for virus and colloid removal; nanofiltration for heavy metals dissolved in organic matter and hardness removal; and reverse osmosis for desalination, water reuse, and ultrapure water production [3] .
Membranes can also be classified based on their configurations, including hollow fibre, spiral, plate and frame, and tubular. Membranes are manufactured from ceramic, polymeric, or hybrid materials. The most common polymeric membranes are poly(sulfone), poly(amide), poly(propylene), poly(tetrafluoroethylene), cellulose acetate, and poly(vinylidene) fluoride. Most of the ceramic membranes are made using metal oxides including aluminium oxide (Al 2 O 3 ) and titanium oxide (TiO 2 ), as well as silica (SiO 2 ), zeolites, microporous carbon, silicon carbide (SiC) and zirconia (ZrO 2 ). Ceramic membranes are well suited for challenging water purification
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4 processes due to their chemical and thermal stabilities. However, ceramic membranes are typically considered too expensive and are recommended only for small scale operations.
Polymeric membranes, on the other hand, dominate the current water desalination and purification market because of their excellent mechanical strength under pressure and their high selectivity. However, in many wastewater applications, the current polymeric membranes are less fouling-resistant and chemically stable than ceramic membranes [4] . CNTs have recently attracted considerable attention for the synthesis of novel membranes with attractive features for water purification [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . CNTs can also be used as direct filters and effective fillers to improve the membrane performance. CNTs have proven to be excellent fillers
in membranes due to improved permeability, rejection, disinfection and antifouling behaviour.
The flux through CNTs has been estimated to be 3-4 orders of magnitude faster than predicted by the Hagen-Poiseuille equation [22] [23] [24] .
In recent times, the mixed-matrix membrane has been explored extensively due to its ease of synthesis and broad applications. Various nanoparticles, such as TiO 2 [37] [38] , Al 2 O 3 [39] [40] , ZrO 2 [41] , and SiO 2 [42] , can be employed as filler materials for the synthesis of mixed-matrix membranes with improved performance. CNTs are also appealing membrane fillers and act as extraordinary mass transport channels as studied by various research groups. Several studies have shown successful application of CNTs in a polymer matrix [33] [34] [35] [43] [44] [45] [46] . The addition of CNTs has been reported to substantially increase the water flux due to the hydrophilic surface and large surface pores of the membranes [35] . Moreover, the tensile strength and fouling resistance of the membranes were reported to increase with the addition of CNTs.
The presence of natural organic matter, microorganisms and high concentration of salt in water systems leads to membrane fouling. Typical adverse effects of membrane fouling include (i) a reduction in the membrane water flux, (ii) an increase in the solute concentration polarization, (iii) increased energy requirements; (iv) biodegradation and/or biodeterioration of the membrane materials, (v) an increase in the module differential pressure, and (vi) the establishment of concentrated populations of primary or secondary human pathogens on the membrane [5] .
Therefore, fouling is a major obstacle in the widespread application of membrane technology.
Several studies have been performed in recent years with the goal of enhancing the fouling resistance of membranes by surface modification with CNTs [5, 47] .
This paper describes a novel synthesis concept of a carbon nanotube metal oxide membrane, comprising dispersed CNTs and iron oxide nanoparticles. In the first step, CNTs are impregnated with different amounts of iron oxide (1, 10, 20, 30 and 50%) via a wet chemistry technique. The impregnated CNTs are then compacted and sintered to form a compact disk. The effect of the iron oxide content, compaction force and sintering temperature on the membrane properties was studied. The powder materials were characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and thermogravimetric analysis (TGA), while the prepared membranes were analysed by measuring their density, pore size, contact angle measurement and water flux. CNT-iron oxide membranes are expected to efficiently remove heavy metals from water in a continuous flow system. The permeate flux and rejection rate of sodium alginate (SA) were determined to predict the antifouling behaviour of the membrane.
Experimental details

Materials
The carbon nanotubes used in this study were supplied by Chengdu Organic Chemicals Co. Ltd.
(China). The CNT specifications are shown in Table 1 . Iron (III) nitrate nonahydrate, Fe(NO 3 ) 3 .9H 2 O (Reagent grade, Sigma Aldrich, purity ≥ 98%) was used as a metal oxide salt for iron oxide.
Table 1
Chemical and physical properties of the carbon nanotubes.
The iron oxide nanoparticles were impregnated on the surface of CNTs by a wet impregnation 
Characterization
SEM, TEM and EDS analysis of raw and impregnated CNTs
Thermal degradation analysis
Thermogravimetric analysis (TGA) is an effective technique to evaluate the quality of the CNTs.
The metal impurity content associated with the CNTs can be determined by simply burning the CNT samples in air. heating rate of 10 °C/min. It was observed that the raw CNTs did not undergo any major mass loss before ∼500°C; however, a sharp weight loss was observed thereafter. This weight loss is attributed to the degradation of disordered or amorphous carbon, moisture, ash, and other metal impurities [48] [49] [50] [51] . It has also been reported by many researches that amorphous carbon has a low thermal stability due to its lower activation energy for oxidation. The degradation of CNTs at temperatures higher than 500°C corresponds to the thermal oxidation of the remaining disordered carbon [50] [51] . 
Scanning electron microscopy (SEM)
Scanning electron microscopy of the membranes was performed using a field emission scanning electron microscope (TESCAN MIRA 3 FEG-SEM). The membrane samples were sputtered with a 10 nm layer of platinum. Fig. 6 shows the SEM images of the sintered membranes with different iron oxide loadings. It can be seen that the Fe 2 O 3 particles are well dispersed at lower particle loadings; however, some aggregation was observed when the amount of Fe 2 O 3 loaded was higher. The membrane appears to be more porous, as confirmed by porosity measurements, when the iron oxide content is low. As the Fe 2 O 3 loading is increased, the porosity is reduced due to the presence of Fe 2 O 3 particles in the channels that exist among the CNTs. 
Porosity measurements
The porosity of the membranes was determined by the dry-wet method [32] using equation (1):
× 100 %
Where w 1 (g) and w 2 (g) are the weight of the dry and wet membranes, respectively, ρ (g/cm 3 ) is the density of distilled water at room temperature, V (cm 3 ) is the volume of the membrane. The weight of the wet membrane was measured after being immersed in distilled water for 24 h. The wet membrane was then dried in an oven at 90 °C for 24 h before measuring its dry weight. In order to minimize the experimental error, the experiment was repeated three times and the average value is reported in Fig. 7 .
The porosity of the membrane changes slightly as the iron oxide content is increased from 1 to 10%. However, a decrease in porosity was observed by increasing the iron oxide content from 10 to 30%. This may arise because as the iron oxide content is increased, the space between the CNTs becomes filled with the iron oxide particles, which attach to the CNTs, resulting in the porosity being reduced. After sintering, the particles attached to the CNT walls aggregate to hold the CNTs, and it is expected that the iron oxide particles will exist within the gaps between the CNTs. This leads to a reduction in porosity. Similar behaviour has been reported in the literature, whereby a decrease in flux is observed with filler loading [32, 53] .
However, at higher iron oxide concentrations, the porosity again increases. This may be due to the formation of gaps at relatively high iron oxide loadings (50%) resulting from the agglomeration of iron oxide particles; these gaps allow water molecules to pass through the membrane easily. A similar increase in porosity and flux at a high filler loading is also reported in the literature [54] .
However, the change in porosity of the membrane observed by varying the iron oxide loading is very small. This indicates that the iron oxide content is not responsible for the significant change in the membrane porosity observed. The porosity depends predominantly on the CNT properties. 
Contact angle measurements
The contact angle gives an indication of the hydrophilicity and/or hydrophobicity of the membrane. The contact angle of the membrane surface was measured using a contact angle analyser (KYOWA, model DM-301). The measurements were carried out by placing a 5 µL water droplet onto the membrane surface. All experiments were repeated at five different sites, and the mean value reported.
It can be seen from 
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19 the rapid transport of water molecules through it, which results in the enhanced flux observed [24] . 
Diametral compression test
The mechanical strength of the CNT-Fe 2 O 3 membranes was measured by applying the diametral compression test. The diametral compression test is often employed to predict the strength of porous materials. The membranes were pressed diametrally between two flat plates and the tensile strength of the sample was measured in the direction perpendicular to the load. The diametral stress () can be calculated using equation (2) [55] [56] :
Where t and D are the thickness and diameter of the membrane disk, respectively, and P is the load.
A schematic of the diametral compression is shown in Fig. 10 (a) . The membrane samples had a 27 mm diameter and were 3 mm thick as shown in Fig. 10 (b) . Samples were diametrally pressed between flat platens in an Instron universal testing machine with a crosshead speed of 0.01 mm/min. A fractured sample is shown in Fig. 10 (c) . It can be observed that the sample fractured into two halves, which indicates that the sample underwent a tensile failure [55] [56] . 
Water flux measurements
Water transport through the membrane depends predominantly on the hydrophilicity and porosity of the membrane. In general, the flux is higher for hydrophilic membrane surfaces with a high porosity. Water flux measurements were performed using a flow loop system as shown in 
Membrane antifouling properties
Extracellular polymeric substances (EPS) are one of the main causes of membrane fouling in water purification systems. Polysaccharides are major constituents in EPS, while sodium alginate is often used as a model for EPS [59] [60] .
The permeate flux and rejection rate of sodium alginate (SA) were determined to predict the antifouling behaviour of the membrane. A commercial sodium alginate with a reported molecular weight of 12-80 kDa was supplied by Sigma-Aldrich and employed in all experiments reported here. Alginate solutions with a concentration of 10 ppm were employed in each experiment; the concentration was measured using a total organic carbon (TOC) Shimadzu 5000 A analyser. The ionic strength of the solution was adjusted by the addition of 20 mM NaCl and the pH was maintained at 7.8 by the addition of 1 mM NaHCO 3 buffer solution, as reported in the literature [61] [62] [63] . Sodium alginate rejection by the membrane was not significant until 0.5 h of operation, as shown in Fig. 15 . This may be due to the smaller molecular size of alginate that requires sufficient time to deposit on the membrane surface and inside the pores. However, the rejection was observed to increase for all membrane types with time afterwards. A maximum rejection of sodium alginate of 90 and 88% was observed for membranes containing 10 and 1% iron oxide, respectively. This result is not surprising since the flux through membranes with low iron oxide content is smaller;
hence, the longer contact time between the alginate molecules and membrane surface showed improved adsorption. Furthermore, a relatively good dispersion of iron oxide and CNTs in these membranes contributes to the higher rejection of SA. The membrane with 50% iron oxide was still able to remove 57% alginate molecules after 3 h of operation. 
Conclusions
Iron oxide-doped carbon nanotube membranes were successfully synthesized using a novel approach. The loading of iron oxide in the membrane was varied from 1 to 50 weight%. The produced membrane exhibited a high water flux and strong fouling resistance. The membrane characteristics were influenced remarkably by the iron oxide loading. The flux of pure water was observed to increase as the iron oxide content increased. A maximum flux of 1490 L.m -2 .h -1 was observed for the membrane with a 50% iron oxide content. As the loading of iron oxide increased, it transformed the membrane from hydrophobic to hydrophilic, as confirmed by contact angle measurements. In addition, the membranes produced displayed a high mechanical strength. A maximum tensile strength of 11.2 MPa was observed for the membrane containing 20% iron oxide. Irrespective of the iron oxide loading, all membranes prepared were effective in removing the SA from water. However, a maximum removal of 90 and 88% of SA was achieved for membranes with a 10 and 1% iron oxide content, respectively, after 3 h. A negligible reduction in the permeate flux was observed with time for all membranes.
